To investigate the impacts of anthropogenic global warming on tropical cyclone (TC) activity, climate simulations were conducted under the present, and CO 2 -warmed conditions, using the National Center for Atmospheric Research Community Climate Model version 2. The CO 2 -warmed condition includes doubled atmospheric CO 2 concentration, and about 1 C of tropical sea surface temperature (SST) warming. Simulated TCs were objectively selected from twice daily instantaneous outputs during an eight-year time integration period of each simulation. The changes associated with global warming were examined in terms of the frequency of occurrence, and mean intensity of TCs.
Introduction
Tropical cyclones (TCs) are some of the most devastating meteorological disturbances. Areas attacked by TCs often suffer large economic losses and serious casualties. On the other hand, in some areas the major part of the water supply depends on rainfall associated with TCs. Thus, we are naturally very concerned about how climate change affects various aspects of TC activity, including the frequency and area of occurrence, mean and maximum intensity, and storm tracks. In particular, there is now growing concern for possible changes in the TC activity due to anthropogenic global climate changes. The present study is motivated by the desire to investigate the effects of greenhouse gas-induced global warming on the behaviors of TCs. Among the various aspects of TCs, the present study primarily focuses on the frequency of occurrence and partly on the mean intensity.
Currently, observed records do not show evident long-term trends in TC activity, as reviewed by Easterling et al. (2000) . However, the records show large variability with interannual and interdecadal time scales associated with naturally occurring climate changes, and the characteristics of such variability depends on TC basins (e.g., Frank 1987) . In addition to the large natural variability, the detection of trends in TC activity is hampered by the limited period of homogeneous TC records. Since satellite-based TC observations started in the 1970's, the number of TCs was substantially underestimated in some TC basins before the satellite era. Considering the difficulty in detecting trends in TC activity from observed records, a numerical experiment using an atmospheric general circulation model (GCM) is one of the promising methods for studying the variability of TC activity.
Although GCM studies of TC-like vortices have attracted criticisms because of their coarse resolution (Lighthill et al. 1994) , current GCMs that contain the basic physics of tropical cyclogenesis are believed to be capable of simulating the climatological frequency of TCs (Emanuel 1995; Broccoli et al. 1995) . For example, Tsutsui and examined the question of how well a GCM, with the horizontal grid distance of approximately 300 km, can simulate the behaviors of TC-like vortices in longterm climate integrations with climatological sea surface temperatures (SSTs). One interesting finding was that the seasonal and geographical variations of TC-like vortices reproduced observational TC statistics reasonably well even in such a coarse resolution model. In addition, Vitart et al. (1999) demonstrated that an ensemble climate simulation may be an effective approach to improve the predictability of the interannual variation of TCs in some basins. It is, thus, hypothesized that GCMs can provide useful information about possible changes in TC frequency due to global climate changes. In the present paper, a TC-like vortex simulated in a relatively low resolution model is referred to as a TC for simplicity.
Several GCM studies have been undertaken to investigate the sensitivity of TC frequency to greenhouse gas-induced global warming. Broccoli and Manabe (1990) used the Geophysical Fluid Dynamics Laboratory model with spectral truncations of R15 and R30, and demonstrated that different treatments of clouds (predicted vs. prescribed) resulted in opposite tendencies in the TC frequency in response to greenhouse gas-induced warming. Haarsma et al. (1993) used the UK Meteorological Office model, with a latitude-longitude grid spacing of 2:5 Â 3:75 , and obtained the result of increased TC frequency in a warmer climate. The GCMs used in these studies were both coupled with a mixed-layer ocean model. More recently, climate simulations using a higher resolution model are becoming feasible. Bengtsson et al. (1996) performed an experiment using the MaxPlanck Institute model with spectral truncation of T106, and found that the frequency of TCs was significantly reduced in a warmer climate. Similar decreased tendency was obtained from an experiment by Sugi et al. (2000) , using the Japan Meteorological Agency (JMA) model with spectral truncation of T106. In these experiments with the T106 models, prescribed SST data were given as an underlying surface boundary condition instead of using a mixed-layer ocean model. Results from an experiment with a separate coupled atmosphere-ocean GCM were used to construct SST anomalies for the CO 2 -warmed climate. In this type of experiment, the geographical pattern of SST anomalies can result in different model responses. However, Yoshimura et al. (2000) reported that the JMA model used in Sugi et al. (2000) resulted in consistent decreased TC frequency in a CO 2 -warmed climate, with different combinations of SST anomalies and moist convection schemes.
As we have seen, results from the past studies are not definitive regarding the basic question of how greenhouse gas-induced warming affects the frequency of TCs. Although recent experiments seem to indicate decreased TC frequencies as a possible future scenario, the mechanism of change is not fully understood. In particular, there are many uncertainties of the model specification associated with a wide variety of representation of important physical processes, with different model resolution, and with the treatment of ocean boundary conditions. Besides, the large natural variability of TC frequencies makes it difficult to identify greenhouse gas-induced changes in TC activity. Considering these uncertainties and difficulty, it would be unlikely to obtain a reliable prediction of TC changes even if experiments were performed with the most advanced GCM. Therefore, instead of pursuing more advanced numerical experiments, this study employs a relatively low resolution model, and focuses on the role of large-scale responses to greenhouse gas-induced warming, and their influence on TC activity in comparison with observed TC climatology. The climatological study of Gray (1979) indicated that the frequency of TC formation is controlled by large-scale atmospheric circulations. Therefore, as long as the large-scale circulations are realistically simulated, a relatively low resolution GCM is believed to be adequate for the investigation of the climatological activity of TCs. Moreover, it is expected that a careful design of numerical experiment with even a low resolution GCM is useful to clarify the cause of future changes in TC activity, and shed light on the reasons for disparities among past simulation experiments.
The present study adopted the National Center for Atmospheric Research (NCAR) Community Climate Model version 2 (CCM2). The CCM2 has been widely used in the past for various climate studies, including the examination of climatological behaviors of simulated TCs by Tsutsui and Kasahara (1996) .
This article is organized as follows. Section 2 gives a brief description of the CCM2 as well as its performance of simulating TCs. The design of the experiments using the model is described in Section 3. Section 4 presents the model's responses in a warmed climate regarding simulated TCs, and associated large-scale fields. Section 5 discusses the implications of these results for the effects of greenhouse gas-induced warming on TC activity. Finally, Section 6 presents a summary of the present study and some remarks for future studies.
Model description

Overview of CCM2
In the CCM2, the equations for dry dynamics are solved using the spectral transform method in the horizontal, and a finite difference method in the vertical. The equations of water vapor and trace constituents (if required) are solved using the three-dimensional semi-Lagrangian method of Williamson and Rasch (1994) . The vertical coordinate is terrain-following near the surface and shifted to a pure pressure coordinate above about 100 hPa. The algorithm of time integration is a semi-implicit, leap-frog scheme. The standard model configuration includes a T42 horizontal spectral resolution (approximately a 2:8 Â 2:8 transform grid), 18 vertical levels with a rigid lid at 2.917 hPa, and a time step of 20 min.
The CCM2 employs state-of-the-art parameterizations for physical processes, including cloud, solar and infrared radiative transfer with a diurnal cycle, moist convection, stable condensation, planetary boundary layer, and surface energy exchanges at the earth's surface. A complete description of these physics parameterizations, as well as the dynamical formulation, is given by Hack et al. (1993) , and various aspects of the climatological model statistics are presented by Hack et al. (1994) and Kiehl et al. (1994) .
One crucial physical process for the formation of TCs is moist convection, and the CCM2 adopts the mass-flux parameterization scheme of Hack (1994) . This scheme adjusts the moist static energy using a plume model over three consecutive vertical layers, allowing for entrainment in the lower layer, condensation and rain-out in the middle layer, and detrainment in the upper layer. The adjustment process is applied sequentially, beginning at the surface, until all of the tropospheric levels have been adjusted. Here, the base mass flux for each plume is determined by local atmospheric instability. In this implementation, one plume starting at one level is affected through the modification of the environment by the previous plume starting at the lower level. As a consequence, the characteristics of these successive local convections distinguish the Hack scheme from other penetrating convection formulations such as by Arakawa and Schubert (1974) , in which changes in the surface boundary layer is generally more directly connected to changes in the upper troposphere. Rather, the adjustment process of the Hack scheme is more similar to the moist convective adjustment method (Manabe et al. 1965) .
Recently, the NCAR Community Climate Model version 3 (CCM3) was released . While many dynamical aspects of the CCM3 model formulation remain unchanged from those of CCM2, a number of important changes have been incorporated into the physics parameterizations of the CCM3. These changes have been implemented to reduce some systematic biases apparent in the CCM2 simulations, such as an extremely active hydrologic cycle , so as to make the model more suitable for coupling with the ocean, and other climate system component models. However, in exchange for successful elimination of such climatological biases, the quality of the equilibrium thermodynamic struc-ture in the tropics, which is one of the major strengths of the CCM2, is degraded Zhang et al. 1998 ). This deficiency appears to result in unrealistically few TCs in CCM3 simulations. Furthermore, there is some evidence of degraded performance regarding tropical variability; for example, Hurrell et al. (1998) reported that the amplitudes of intraseasonal oscillations simulated in CCM3 were considerably smaller than those of CCM2, which were in good agreement with observed amplitudes (Slingo et al. 1996) . These differences between the two models imply the difficulty in achieving model improvement for both the mean climatology and the variability in the tropics. In this study, we focus on the response of simulated TCs in CCM2, and the issue of model improvement is addressed as a future work.
2.2 CCM2's performance to simulate tropical cyclones Tsutsui and Kasahara (1996) have already examined in detail what extent the CCM2 can realistically simulate the climatological behaviors of TCs using long-term simulations for the present climate. Based on this study, the simulated TC climatology is summarized here in comparison with observed TC climatology described by Frank (1987), and McBride (1995) .
One of the preferred conditions of TC formation is warm surface ocean water, and the frequency of TC formation is highly dependent on SST, indicating that the TC formation is a seasonal phenomenon. This relationship between the frequency of TC formation and SST is similarly identified by the CCM2 simulation (see Fig. 3 ). In fact, the seasonal and geographical variations of TC formations are reasonably well reproduced by the model. In addition to SST, there are several climatological factors influencing TC formations. Gray (1979) discussed the role of six physical factors relevant to TC formation, and combined them into a single parameter called the seasonal genesis parameter (SGP). It is shown that the geographical distribution of the SGP and its seasonal variation correspond well with the distribution of seasonal TC formation. This empirical relationship is also confirmed quantitatively in the model atmosphere despite the fact that the SGP is determined from observed data alone.
Regional climatologies of simulated TCs (see Fig. 5 ) are different among TC basins. In the western Pacific, the geographical distributions of the locations of simulated TCs are remarkably consistent with observed data along the intertropical convergence zones in both Hemispheres, except that they extend unrealistically far eastward. In the Indian Ocean, a lower frequency of simulated TCs is found than observed. However, the distinctive bimodal annual cycle of TC frequency over the North Indian Ocean is well simulated. In these basins, most TCs originate from disturbances that form in the monsoon trough. It appears that the CCM2 is capable of simulating such monsoon trough-type TC formation.
By contrast, in the North Atlantic and the eastern North Pacific, some deficiencies of the CCM2 are conspicuous. The model has the tendency to produce excessive precipitation over Central America in boreal summer (Hack et al. 1994) , and the formation of simulated TCs is unrealistically confined to the neighboring small area, while observed TCs form over the entire tropical Atlantic. In addition, the distinctive feature of observed TC formations in the eastern North Pacific, that is a frequent TC formation in a small region just west of Central America, is not properly simulated by the model. In the North Atlantic, the climatological flows associated with a typical TC formation form a broad trade wind belt unlike the monsoon trough in the western Pacific and Indian Ocean. This trade wind-type formation is believed to be the case for many TCs formed over the eastern North Pacific. In fact, it has been suggested that those TCs are triggered by Atlantic easterly waves crossing Central America and interacting with the mountains (Farfá n and Zehnder 1997). Therefore, the CCM2 appears to be less capable of simulating the trade wind-type formation than the monsoon troughtype formation.
Some of the deficiencies of the model are attributed to the coarse resolution of T42. In particular, this resolution is inadequate for the representation of the Central American mountains that play a role in tropical cyclogenesis in the eastern Pacific. Moreover, the model resolution has direct bearing on the realism of simulated TC intensity. Although the T42 model can represent the warm-core structure in the troposphere, it is unable to simulate the eye structure that is essential to an intense storm. Accordingly, the central pressure of simulated TCs is considerably shallower than observed TCs. Besides, the storm tracks of simulated TCs have a systematically poleward trajectory in comparison with observed tracks. Considering theoretical and modeling studies on TC motion (Kasahara and Platzman 1963; Fiorino and Elsberry 1989) , the poleward tendency is also attributable to the coarse resolution due to inadequate representation of storm sizes, which tend to be larger than reality.
On the interannual variability of simulated TC frequencies, the model has only marginal capability to reproduce observed interannual variations with observed SST forcing. Although the magnitude of the simulated variability is comparable to observation, it has little dependence on the forcing data; the variability resulted from observed SSTs is of the same order of magnitude as one resulted from the climatological SSTs. This implies that the internal variability of the model with regard to TC frequencies is significantly large in comparison with the external variability forced by specified SST variations.
Experiment design
Description of experiments
In this study, two long-term climate simulations were performed; one is a control simulation, and the other is a CO 2 -warmed simulation. The differences between the two simulations are in the atmospheric CO 2 concentration, and the surface boundary conditions of SST and sea-ice distribution data. The control simulation was run with the model's standard configuration, which includes the CO 2 concentration of 330 ppmv and the climatological monthly SSTs and sea-ice distributions of Shea et al. (1992) . On the other hand, the CO 2 -warmed simulation was run with an increased CO 2 concentration that is twice as much as in the control simulation and different SST data that were constructed by adding plausible SST anomalies, described below, to the climatological data. Note that the sea-ice distribution in the CO 2 -warmed simulation is adjusted automatically, so that the grid points whose SST values are less than a specified threshold of À1.9
C are set as sea-ice points.
The SST anomalies were obtained from a 125-year simulation of global climate under a scenario of increasing CO 2 conducted with the NCAR Climate System Model, CSM (Boville and Gent 1998) . The design and results of the 125-year simulation are described in Maruyama et al. (1997) . In this experiment, the CO 2 concentration is fixed during the first 10-year period at the year 1991 level of 355 ppmv, and then increased by 1% per year compounded during the following 115 years, equivalent to the year 1991 to 2105, under the CO 2 increased scenario. The monthly SSTs that are produced from the ocean component model were averaged over the first 10-year period, and another 10-year period, corresponding to the year 2061 to 2070. In the latter period, the CO 2 concentration is approximately twice as much as the initial value, and the model produced about 1.5 C increase in the global mean surface temperature. The SST anomalies for the CO 2 -warmed simulation were calculated as the difference of the monthly SSTs between the two 10-year periods. Figure 1 shows the global distributions of the SST anomalies for January and July with the meridional distributions of their zonal means. Although the distributions indicate some spatial variability, positive anomalies of around 1 C prevail in the tropics and subtropics, and large positive anomalies exceeding 2 C appear in the higher latitudes, where the reduction of sea-ice is noticeable in the transient CO 2 increase experiment. One of the features of spatial variation is a local maximum in the eastern equatorial Pacific especially in January, which is similar to the spatial pattern of SST anomalies during a warm event of El Niñ o/Southern Oscillation (ENSO). However, the east-west gradient of the SST anomalies is not very large compared to typical El Niñ o-like responses simulated by other climate models (Meehl et al. 2000a ). In the subtropics, positive SST anomalies are relatively small, and there are some differences between the Pacific and Atlantic; in July anomalies, the meridional variations are most evident in the Pacific while the anomalies display less spatial variability in the Atlantic.
In the both experiments in this study, the time integration has been completed for eight years and four months, starting from the stan-dard atmospheric initial condition of September 1. This initial condition is supposed to be balanced with the climatological SST, but not likely to be balanced with the increased SST. Therefore, the first four-month outputs are discarded for examination described in the subsequent sections. The period of four-month is considered enough to allow the spin-up of the model for the increased SST forcing. In the course of time integration, twice daily instantaneous outputs of selected field variables were collected to identify simulated TCs in addition to the standard monthly outputs for large-scale analyses.
Definition of simulated tropical cyclones
A tropical cyclone is the generic term for a nonfrontal synoptic-scale cyclone originating over tropical or subtropical waters, with organized moist convection and definite cyclonic surface wind circulation. In this study, a simulated TC is defined as a low over the ocean between 40 N to 40 S, with a significant pressure gradient at sea level and a warm-core structure in the upper troposphere, which is a simplification of the detection criteria used in Tsutsui and Kasahara (1996) . The condition of sea level pressure P, valid for simulated TCs is determined as increase experiment with NCAR CSM. Meridional distributions of their zonal means are displayed on the side. The anomalies are valid for the period when the atmospheric CO 2 concentration becomes twice as much as the value for the present climate.
where subscriptions 0, G1D, G2D represent the grid point values at a local minimum of P, the first surrounding eight points, and the second surrounding 16 points, respectively, and the bar denotes averaging. This condition is supposed to be two or more closed isobars, with a spacing of 2 hPa, are drawn in an area of about 1200 km square. The warm-core structure is identified by the condition:
where Z is the thickness between 200-and 700-hPa levels. This condition basically specifies a local maximum of the thickness to eliminate extratropical cyclones in mid-latitudes. Note that Eq. (3) has been empirically determined, considering that the grid point of a local thickness maximum does not always coincide with the grid point of a local sea level pressure minimum, even when the warm-core structure is well established. Although it might be possible that there is some dependence of Eq. (3) on climate changes for storms in mid-latitudes, it is believed that for most TCs located in the tropics, the condition is robust to the changes. Usually, the frequency of TCs is evaluated by the number of TC formations during a particular period. However, the formations of simulated TCs are not properly identified by this objective procedure due to an ambiguity in tracking the evolution of simulated TCs, which could result in misleading TC formation count. To avoid this problem, the frequency is evaluated by the number of total annual days of TC occurrence in this study. Also, considering the time duration of TCs, the evaluation of the total annual days is more appropriate for quantitative investigation of TC frequency changes, than the formation number. Similarly, to discuss the changes in TC intensities, all detected samples of simulated TCs regardless of their development stage are taken into account.
Results
Changes in tropical cyclones
Although the CO 2 -induced warming occurs globally, it is unlikely that the impacts of the global change on local conditions that affect TC activity are uniform on the globe considering the spatial differences in the SST anomalies as shown in Fig. 1 . Rather, it is more likely that the impacts on TCs appear as regional variations in the background of global change. From this point of view, the global and regional aspects of simulated TC changes are examined.
a. Global aspects of changes
The global-mean annual frequencies of simulated TCs are 500 storm-days and 509 stormdays, respectively, in the control and CO 2 -warmed simulations. Contrary to this small difference, the interannual variation of the global frequency is large; its standard deviation is about 33 storm-days for both simulations. According to the statistical pooled T test (e.g., Milton and Arnold 1995), we can reject the null hypothesis that the two means are equal at most with a significance level less than 0.75, which is too small for the rejection. Hence, it is concluded that the CO 2 -induced warming in this study has no significant impacts on the global frequency of simulated TCs, in terms of TC days. Figure 2 shows the zonally-summed total annual days of TC occurrences counted at each T42 grid point from the two simulations and observed data. The observed data are based on the six-hourly best track data from 1976 through 1995 taken from the Global Tropical and Extratropical Cyclone Climatic Atlas (National Climatic Data Center 1996). Although the definitions of observed and simulated TCs are not identical, the meridional distributions from both simulations are generally consistent with the observation. Comparing the two simulated distributions, one notes that there are no substantial differences in the latitudes of active TC regions. This finding is further illustrated by Fig. 3 , which shows the histograms of in situ SSTs where simulated TCs occur. The SST distributions from the two simulations demonstrate that the magnitude of each frequency of SST bins less than 28.5 C in the control simulation is about the same as that of corresponding bins of each 1 C greater SST in the CO 2 -warmed simulation. This SST difference of 1 C is consistent with the SST anomalies in the tropics, and subtropics shown in Fig. 1 . Although a SST exceeding about 26 C is one of the necessary conditions for climatological TC formation (Gray 1979) , the present experiments suggest that this empirical observation regarding a critical SST of TC formation is no longer applicable to the CO 2 -warmed climate. This implication was also discussed in past studies (Ryan et al. 1992; Royer et al. 1998; HendersonSellers et al. 1998) .
In the present paper, a mean intensity of TCs represents an averaged intensity of a certain sample of TCs, for which realistic environment conditions are considered. To examine the changes in the mean intensity of the simulated TCs, Fig. 4 shows the histograms in total annual days of the central sea level pressures of all simulated TCs. One notes that the pressure deepening is generally small compared to observed values because the horizontal model resolution is too coarse to represent the inner core structure of TCs. Therefore, the following results should be regarded as qualitative. Figure 4 illustrates that the numbers of relatively intense TCs in the bins less than 1000 hPa in the CO 2 -warmed simulation are consistently larger than those in the control simulation. This situation is reversed for relatively weak TCs with the sea level pressure of greater than 1000 hPa. The fraction of relatively intense TCs (less than 1000 hPa) is 35% and 41%, with its standard deviation of 2.4% and 2.6%, respectively, for the control and CO 2 -warmed simulation. According to the pooled T test, we can reject the null hypothesis that the fractions in the two simulations are the same with a significance level of 99.95%, and therefore, we have strong evidence that the fraction of intense TCs is larger in the CO 2 -warmed simulation than in the control simulation. This result indicates the possibility that the mean intensity of global TCs increases due to CO 2 -induced warming.
b. Regional aspects of changes Figure 5 shows the global distributions of observed and simulated TC frequencies counted at each grid point in terms of TC days, where the observed data are the same as those shown in Fig. 2 . Comparing the observed and simulated distributions, one finds that the model has a reasonable capability of simulating the geographical distribution of TC occurrence as described in Section 2. A notable change in simulated TCs is seen in the western North Pacific, where about one third of the whole simulated TCs occur, in agreement with the observation. In this basin, the frequencies clearly increase in the lower latitudes in response to CO 2 -induced warming. The highest frequency area is located near the Philippine Islands in the control simulation, and the area is expanded eastwards in the CO 2 -warmed simulation. The regional tendencies are more quantitatively compared in Table 1 , which contains the regional changes in simulated TC frequencies with their 90% and 95% confidence intervals for the six TC basins shown in Fig. 6 . Note that the Australian basin is included in the western South Pacific basin in this classification. Besides the western North Pacific, some changes are found as increased tendencies in the South Indian Ocean, and decreased tendencies in the North Atlantic and the eastern North Pacific. In the other basins the frequency changes are relatively small. Hemisphere-wide tendencies show some differences between the Eastern and Western Hemispheres, which implies the presence of compensating adjustment in the zonal tropical circulation that affects TC activities as shown later. According to the statistical confidence intervals indicated in Table 1 , the tendency is significant at the level of 90% only in the North Atlantic basin, and none of the six basins meets the 95% confidence with positive or negative change. In reality, the regional TC activity is affected by natural climate variations with various time-scales, and has larger interannual variability than the global TC activity. In fact, the observed TC records indicate that the average annual variation of global TC days is about G12%, which is smaller than any other values for basin-wide TC days. As described in Section 2, the magnitude of the interannual variability in simulated TC frequencies is comparable to that in observed TC frequencies. Therefore, the statistics summarized in Table 1 suggest that the simulated impact of global SST warming of @1 C on the frequency of TCs is not large enough to distinguish it from the simulated natural variability. Table 1 . Changes in total annual days of simulated TCs for the six TC basins shown in Fig. 6 . The 90% and 95% confidence intervals on the changes are estimated with a pooled T procedure. Regional intensity changes are summarized in Table 2 , which shows the changes in the central sea level pressures averaged over the 10%-most intense TCs, with their confidence intervals for the six TC basins. Note that the results shown in Table 2 do not essentially depend on the percentile of selected intense TCs. Here, the equality of variances between the two simulations is not necessarily satisfied. In such a case, the Smith-Satterthwaite procedure (e.g., Milton and Arnold 1995) was used for the confidence interval estimation instead of the procedure based on the pooled variance. Significant changes are found in the western North Pacific and the western South Pacific basins, where the mean intensity increases meet the 95% confidence level. In the other basins, however, small decreased tendencies are indicated, although they are not statistically significant. It is inferred that the global increased tendency in the simulated TC intensity shown in Fig. 4 , is reflected by the changes in the two western Pacific basins, and that the regional intensity change in a particular basin is not necessarily related to the regional frequency change in the same basin.
Large-scale response
One of the key findings of simulated TC responses is the fairly constant global frequency in terms of TC days. This result is not in agreement with the results from other GCM studies, which indicate a distinctive decreased, or increased tendency, in the global TC frequency. Another key finding is that the regional frequency changes are generally not statistically significant, which implies possible similarity between responses to the CO 2 -induced warming and natural interannual variations. Here, to obtain better understanding of those results and links to the CO 2 -induced warming, large-scale fields associated with TC activity will be examined.
a. Hydrologic cycle
In the Northern Hemisphere TC season from July through September (JAS), the global mean precipitation rate is 3.70 mm d À1 and 3.84 mm d À1 , respectively, for the control and CO 2 -warmed simulations. This indicates an increased tendency of global hydrologic cycle in response to the CO 2 -induced warming. Figure  7 shows the global distributions of simulated precipitation in the season, where noticeable changes are found in the precipitation bands, or ITCZs, in the western equatorial Pacific. In the control simulation the Northern Hemisphere ITCZ branches off to the southeast across the equator, while in the CO 2 -warmed simulation the distinctive ITCZ exists only in the Northern Hemisphere and extends to the dateline. This ITCZ shift is similar to a El Niñ o-like response, and believed to be connected with TC formations especially in a southeastern region of the western North Pacific basin. The extended part of the ITCZ corresponds to the area of in- Fig. 6 . The 90% and 95% confidence intervals on the changes are estimated with a pooled T procedure, or the Smith-Satterthwaite procedure.
creased TC frequencies shown in Fig. 5c . In the other TC basins such a remarkable change in precipitation is not recognized. At least, the decreased frequency in the North Atlantic, which is the only basin where the frequency change is marginally significant, cannot be explained by changes in the precipitation distribution. For the Southern Hemisphere TC season, from January through March (JFM), the global mean precipitation rate is 3.47 mm d À1 and 3.59 mm d À1 , respectively, in the control and CO 2 -warmed simulations, indicating a similar increase by the warming to that in the Northern Hemisphere TC season. However, the global pattern of precipitation rate remains almost unchanged between the control, and CO 2 -warmed simulations (not shown). Figure 8 demonstrates the global distribution of 850-hPa streamfunction and wind vectors for JAS. For the CO 2 -warmed simulation, anomalies from the control simulation are shown. Again, a remarkable change is observed in the western North Pacific. The streamfunction distribution indicates large negative anomalies (i.e., enhanced cyclonic flow) that cover most of the basin. These anomalies are associated with stronger monsoon westerlies and a weaker subtropical high, which implies that the monsoon trough is enhanced, and extended to the east. In the Western Hemisphere TC basins, by contrast, weak positive anomalies prevail, indicating a decreased tendency in lower-level relative vorticities. In the Southern Hemisphere TC basins for JFM, the streamfunction anomalies (not shown) are relatively small on the whole.
b. Large-scale circulations
Changes in lower-level winds are connected to changes in upper-level winds through zonal tropical circulation. Figure 9 shows the vertical and zonal cross sections of a zonal mass streamfunction for JAS. The zonal mass streamfunc- tion is defined as
where a is the earth's radius, g is the acceleration of gravity, u 0 is the deviation of zonal wind component from its zonal mean, p is pressure, and f is latitude. The meridional integral is taken from f S ¼ 20 S to f N ¼ 20 N, and the vertical integral is taken from an arbitrary level p to the surface level p s . In Fig. 9 regions of rising (descending) motion are identified by negative (positive) gradients of the streamfunction in the west-to-east direction. The region of strong rising motion located between the anti-clockwise circulation cell over the Indian Ocean, and the clockwise cell over the central Pacific extends to the east in the CO 2 -warmed simulation, which is in agreement with the lower-level circulation changes shown in Fig. 8 . By contrast, the relatively narrow anti-clockwise cell over the eastern Pacific is further shrunk in height in the CO 2 -warmed simulation. This change is associated with the invasion of westerly anomalies in the upper troposphere from the central Pacific cell and the intensification of the Atlantic cell.
In the North Atlantic, the upper-level zonal wind seems to be more responsible for the activity of observed TCs. In fact, there is some observed evidence for the importance of upperlevel wind with respect to the impact of ENSO on TC activity in the basin. According to Gray (1984) , an anomalous increase in upper tropospheric westerlies during El Niñ o events inhibits TC activity by increased tropospheric vertical wind shear, and less anticyclonic upper level winds. In the other TC basins, the relationship between the ENSO and TC activity is not as evident as in the North Atlantic basin. For the present experiments, the decreased TC frequency in the North Atlantic, which is the only marginally significant change in TC frequencies, is consistent with the increased westerly anomalies in the upper troposphere.
c. Thermodynamic structure Figures 10 and 11 show the vertical and meridional cross sections of zonal-mean anomalies in the temperature and equivalent potential temperature, respectively, in response to the CO 2 -induced warming for JAS and JFM. The distributions of temperature anomalies agree with the general features of CO 2 -induced global warming (e.g., Hartmann 1994), including greater warming in the tropical upper troposphere, stratospheric cooling, and strong surface warming in the high latitudes of winter hemisphere. The greater warming in the upper tropical troposphere than in the lower troposphere is fundamentally related to the dependence of moist adiabatic lapse rate on the temperature. In contrast, the distributions of equivalent potential temperature changes indicate smaller differences between the upper and lower troposphere in the tropics. This rather uniform anomalies throughout the tropical troposphere are resulted from the model's response to the CO 2 -induced warming, so that increased stability by the greater upper tropospheric warming is almost compensated by moistening in the lower troposphere. This tendency towards rather neutral adjustment supports the result of no significant change in the global TC days. The regional difference of the moist instability change is more clearly recognized by the vertical and zonal cross section of the equivalent potential temperature anomalies. Figure  12 shows the cross section of the anomalies along the latitude of most active convection for JAS. In the western Pacific, the anomalies are positive throughout the troposphere and decrease with height above the 800-hPa level. The greater positive anomalies with its maximum as much as 10 K in the lower-level are caused by considerable moisture increases due to the warming. This environmental change is certainly preferable for long-lasting deep convection leading to TC development. In the eastern Pacific, the anomalies are relatively small and even negative around the 850-hPa level. The vertical gradient of the anomaly is also opposite to that in the western Pacific, indicating stabilization due to the warming. As found in Fig. 9 , this area corresponds to the descending branch of the Walker cell over the central Pacific. Since the ascending branch of the cell is located in the western Pacific, it is believed that the opposite tendency in the moist instability between east and west over the Pacific results from the modification of the zonal tropical circulation.
Moistening tendencies in the lower-levels are also observed over the North Atlantic, and this increased moist instability seems to contribute to the enhancement of the Walker cell over the Atlantic as shown in Fig. 9 . However, the frequency of simulated TCs in this basin decreases against such a favorable thermodynamic environment. This inconsistency suggests that the dynamic factor of increased vertical wind shear, inferred from the anomalous upper-level westerlies, is dominant rather than the local thermodynamic change. This suggestion is supported by the observational and model simulation evidence (e.g., Vitart et al. 1999 ) that the activity of Atlantic TCs is sensitive to the modulation of the large-scale tropical circulation associated with ENSO. In addition, the unexpected decreased TC frequency may be partly related to the model deficiency that the formation of TCs over the entire tropical Atlantic is not well simulated. In fact, the majority of simulated TCs are confined in a small region near Central America where the vertical gradient of the equivalent potential temperature anomaly is small.
For JFM, the regional difference of the moist instability change is relatively small. The vertical distribution of the equivalent potential temperature anomalies (not shown) is almost uniform in the western South Pacific, or indicates somewhat destabilized tendency in the South Indian Ocean.
Discussion
Frequency change
In the present experiments, the frequency of global TC occurrence in terms of TC days remains essentially unchanged in a CO 2 -warmed climate. As described in the previous section, the unchanged TC frequency is associated with the almost neutral tendency in the zonallyaveraged moist instability in the tropics. The neutral tendency results from the model's thermodynamic response that the stabilization by greater warming in the upper troposphere compensates for the destabilization by moistening in the lower troposphere. Although it is believed that greenhouse gas-induced warming will enhance the hydrologic cycle due to increased evaporation, the enhanced hydrologic cycle does not necessarily have a great impact on the frequency of TCs considering their small contribution to the global energy budget. Besides, it is assured that the critical SST for TC formation, which is empirically derived based on the present climate conditions, cannot be applied for the future CO 2 -warmed climate. Presumably, whether or not the global TC frequency will change is the problem whether or not the characteristics of precipitation will change so that it causes to vary the ratio of contributions to the adjustment of moist instability from TCs, to that from other tropical disturbances like cloud clusters. In this connection, the most fundamental concern is in the change of the tropical thermodynamic structure. Although TC formations are certainly influenced by some dynamic factors like the monsoon trough and vertical wind shear, it seems that the dynamic factors are more relevant to the context of regional changes.
In general, numerical models predict greater warming in the upper troposphere due to greenhouse gas-induced warming. This is because the vertical profile of temperature in the tropical troposphere is more or less adjusted to follow a moist adiabat, and this characteristic does not much depend on the type of models. Therefore, it is believed that changes in TC activity depend on to what extent the stabilization due to the greater warming in the upper troposphere is offset by moisture increases in the middle to lower troposphere in a CO 2 -warmed climate. Sophisticated numerical models like GCMs adopt some physical processes responsible for the adjustment of temperature toward the moist-adiabatic lapse rate, and the redistribution of moisture. Such physical processes are represented by a variety of parameterizations in the models. Accordingly, even if temperature profiles in the tropics become more or less moist adiabatic in all GCMs, a different set of adjustment processes in each model will be likely to produce moisture profiles that are different among models. This may be why there are marked disparities among the predictions of changes in TC frequency from the past studies, and the present study.
One of the most important physical processes responsible for the moisture distribution is moist convection. The key role of moist convection is the vertical redistribution of moist static energy through a certain mechanism that includes triggering of moist convection, and determines the profile and partitioning of heating and moistening. As described in Kasahara et al. (1996) , the behavior of various moist convection schemes differ widely in the sensitivity to moisture distribution. In addition, moist convection processes interact with clouds and radiation processes and are affected by the treatment of boundary layer that provides the root of moist convection to transport moisture into the upper troposphere. An example of complex interactions among the physical processes that affect the formation of TCs was demonstrated in the experiments by Broccoli and Manabe (1990) . They obtained different sensitivities of greenhouse gas-induced warming on the simulated TC climatology depending on cloud treatments in the model.
Regarding the recent studies that predict decreased TC frequencies in response to greenhouse gas-induced warming (Bengtsson et al. 1996; Sugi et al. 2000; Yoshimura et al. 2000) , it can be speculated that the adopted moist convection schemes have a stronger connection between the surface boundary layer and the upper troposphere so that accumulated moisture in the boundary layer is rather effectively carried to the upper levels and condensed into precipitation. However, it is still difficult at this stage to give any plausible explanation as to why the present results differ from those experiments considering the complexity of moist convection, and its interaction with other physical processes. At best, it has been shown that the present results on the small changes in global TC days are qualitatively consistent with the changes in the large-scale thermodynamical fields.
To discuss the reliability of the results from the present study, the overall performance of the model must be taken into account. In this connection, the different performance between the CCM2 and its successor CCM3 in the simulation of mean states and their variability should be discussed. As mentioned earlier, while the CCM2 has a good capability to simulate tropical transient activity such as TCs and tropical intraseasonal oscillations, it has problems in simulating mean climatology, such as excessive hydrologic cycle and the imbalance of global energy budget. Conversely, the CCM3 shows a good performance in simulating the mean climatology while it has deficiencies simulating tropical transient disturbances. Since TCs play a limited and minor role of energy transport in the climate system, the mean state of the general circulation can be simulated well with a model in which TCs are not properly simulated. It is also true that the model with a good capability to simulate TCs is not necessarily a good climate model. However, to obtain a reliable prediction on the relationship between greenhouse gas-induced warming and TC frequencies, it is essential to realistically simulate both the mean state and the variability of tropical transiences. With this caveat, the present result of unchanged global TC days under the CO 2 -warmed climate must be interpreted cautiously.
On the regional scale, it is understood that the simulated changes in TC frequencies are generally within the natural variability of TCs. To obtain some small signals related to the CO 2 -induced warming, an ensemble technique with long-term climate simulations would be required. Some of the regional changes, such as decreased frequency in the North Atlantic and increased frequency in a southeastern part of the western North Pacific, are considered to be a response to the SST anomalies given as the surface boundary condition. The SST anomalies are similar to the spatial patterns during El Niñ o, and associated changes in large-scale circulations are consistent with the regional TC changes. However, confident projections of future El Niñ o conditions are an area of uncertainty for current climate models, as reviewed by Meehl et al. (2000b) . Taking account of this uncertainty, as well as the relatively large interannual variability of TCs, the simulated regional tendencies in response to the CO 2 -induced warming are considered only as just one of the possibilities of the future change.
Intensity change
Although the present study has mostly focused on the changes in TC frequency, some qualitative implications can be derived from the results of the changes in the mean intensity of TCs. Simulated changes in the mean intensity in response to the CO 2 -induced warming highlight increased intensities in the TC basins over the western Pacific warm pool, which contribute to the significantly increased intensity in global TCs. This selective intensity change may be understood based on results from idealized numerical experiments of Shen et al. (2000) , which indicated that the intensity of stronger storms is more sensitive to environment changes such as increased SST.
It is also found that the intensity change is not necessarily related to the frequency change. The TC activity is obviously controlled by the mean states of large-scale dynamic and thermodynamic fields. It seems, however, unlikely that the intensity change is directly related to the changes in the mean large-scale conditions because the occurrence of TC is a relatively rare phenomenon. During a limited period of tropical cyclogenesis, the atmosphere should have the thermodynamic structure of conditional instability that is favorable for TC formations. In such an atmospheric condition, regardless of its likelihood, it is possible that increased moisture availability under greenhouse gas-induced warming leads to increased TC intensity.
As reviewed by Meehl et al. (2000b) , most of the studies regarding TC intensities suggest an increase of intensities due to greenhouse gas-induced warming. Such studies include the experiments using a nested high-resolution regional model by Knutson et al. (1998) , and theoretical analyses of potential intensity of TCs by Emanuel (1987) . These studies investigated changes in TC intensities for the environment conditions suitable for intense TC development, which were taken from a long-term GCM simulation. It is interesting that some consensus on intensity changes except for their quantities is obtained among various modeling and theoretical studies. It is possible that the qualitative tendency in TC intensities is not very sensitive to physical processes in a numerical model.
Concluding remarks
The main purpose of this study was to shed light on the basic question on how greenhouse gas-induced global warming affects TC activity using a relatively low resolution GCM. To obtain better implications for changes in TC activity, various aspects of associated large-scale fields were investigated in relation to observed TC climatology. Although the findings resulted from this study are not totally conclusive, it is believed that increased confidence has been obtained for the following implications:
. Enhanced hydrologic cycle due to greenhouse gas-induced warming does not necessarily make a great impact on the frequency of TC days. This suggests that the response of mean tropical thermodynamic structure to greenhouse gas-induced warming may be responsible for the change in the frequency of global TC occurrence.
. The changes in the frequency of regional TC occurrence in a warmed climate are generally not statistically significant.
From the present CO 2 -warmed experiment using the CCM2 with about 1 C of tropical SST anomalies, a possible projection for the future TC activity has been obtained as follows:
. The model's thermodynamic structure in the tropics changes in response to the CO 2 -induced warming in such a way that the stabilization by greater warming in the upper troposphere compensates for the destabilization by moistening in the lower troposphere. This feature may be responsible for the unchanged global TC days.
. The mean intensity of TCs significantly increases over the warm SST regions in the western Pacific.
To further improve our understanding of the issue and obtain more confident projections of future TC frequencies, it is necessary to improve physical processes in numerical models so that both the climatology of large-scale circulation and the tropical transiences can be simulated satisfactorily. In this connection, moist convection process as well as its interaction with other related physical processes are essentially important. At least, one must note that the projection of global TC frequency can be changed depending on the treatment of these processes, which affect moisture distribution in the middle to lower troposphere. The spatial resolution of models is another factor that affects the performance of climate simulations. Regarding the present study, the deficiencies of the T42 CCM2 associated with orographically influenced TC formations and the representation of storm sizes, are expected to be rectified using higher resolution models. Since recent other experiments with T106 resolution models tend to indicate decreased TC frequencies in a warmed climate, the dependency of TC activity on model resolutions needs to be addressed. It is also important to further increase our understanding of the relation between natural variability and greenhouse gasinduced warming as well as the mechanism of the modulation of TC activity affected by natural variability.
